We have studied, by quenched molecular dynamics (QMD) using a second-moment approximation (SMA) potential, the atomic relaxations and step interaction energies on Ni, demonstrates that the elastic step interaction energy can be determined from the measurement of the atomic relaxations.
I. Introduction
Vicinal surfaces are obtained by cutting a crystal close to a dense plane. As a consequence, they consist of terraces separated by steps. Steps often display particular properties. For example, they can act as nucleation centres for the growth of metallic nanowires 1 . In that case, the regularity of the wire organization obtained is given by the regularity of the array of steps of the bare surface. At finite temperature, steps fluctuate and their correlations are governed by the step-step interactions and the kink creation energy.
Whereas the kink creation energy is a very local energetic parameter, step interactions have a long range component. Different contributions to the step interactions can be distinguished.
Steps entropically repell through the condition that two steps cannot cross each other 2 . When the steps are close together, the number of allowed configurations are reduced, and this reduction of entropy is equivalent to a step repulsion. Steps interact also electronically through the modification of the density of states 3, 4 , electrostatic ally due to the presence of electrostatic dipoles at the steps 5, 6 , and thermally through the modification of their vibrational free energy 7 . They also interact elastically through the long range relaxation fields generated by local atomic relaxations at the steps 8 . At low temperature, entropic and phononic contributions are negligible and only electronic, electrostatic and elastic contributions have to be considered. Electronic interactions display an oscillatory behaviour with an exponential decay 3 whereas electrostatic and elastic interactions are both inversely proportional to the square of the interstep distance 8 . Thus, for small miscut vicinals, corresponding to large interstep distances, steps interact only electrostatically or elastically.
In the past, step interactions have been determined through the measurement by Scanning
Tunneling Microscopy (STM) of step fluctuations 9 . It has been recently shown that the step elastic interactions could be deduced from Grazing Incidence X-ray Diffraction (GIXD) measurements of the relaxation fields 10, 11 . In this approach, steps are described as elastic dipoles whose value is adjusted in order to fit the experimental measurements. Elastic calculations can then be used to determine the interaction energy between the dipole lines 12 .
For Pt and Cu vicinals, it was shown that the elastic interaction energy was much higher than the electrostatic contribution 10, 11 . This is certainly a general behavior for metallic surfaces, whereas higher dipolar interactions could be probably found on ionocovalent surfaces.
In this paper, we address the question of whether one can really obtain the elastic step interaction energy by fitting the atomic relaxations with a model of elastic dipoles. In order to answer this question, we have performed Quenched Molecular Dynamics calculations of the atomic relaxations and step interactions on various vicinal surfaces of four transition metals (Ni, Cu, Pt, Au), using a semi-empirical atomistic potential, and compared the values found to the result of linear elasticity calculations using a model of elastic dipoles.
The first part of the paper is devoted to the molecular dynamics computational details. The results obtained for the relaxations and interaction energies are given in the two following parts. A comparison is then made with anisotropic linear elasticity calculations.
II. Computational details

A. Geometrical details
We have studied vicinal surfaces of fcc crystals with dense steps, i.e. steps running along
the [ ] • (001) vicinal surfaces;
• (111)-A vicinal surfaces, with (001) step microfacets;
• (111)-B vicinal surfaces, with ) 1 1 1 ( step microfacets;
• (110) vicinal surfaces.
We note θ the miscut angle, i.e. the orientation between the surface plane and the nearest dense plane. All these surfaces can be indexed as (m m p). Table 1 gives the geometrical details for all these surfaces. Atoms are labeled according to their distance to the step in the terrace plane. Thus atom N°1 is the step edge atom, atom N°2 is its nearest neighbor inside the terrace etc. For a vicinal with 10 atoms per terrace, atom N°10 is the corner atom and atoms 11 to 20 are located just below the terrace plane. It is worth noting that this onedimensional procedure allows to reach every representative atomic position. An example of such procedure is given in figure 1 for a (1 1 19) surface.
B. Calculations
Atomic relaxations are computed at 0 = T K, from the configuration of minimum energy.
Atoms interact through a many-body empirical potential, derived from tight-binding considerations. This potential, hereafter referred to as the RGL potential 13 , is developed on the basis of a second-moment approximation (SMA) of the density of states for transition and noble metals.
The RGL potential energy is a sum over all atoms i in the system:
with
and
where 0 r is the distance between nearest neighbors in the bulk at zero temperature and r ij the distance between atoms i and j. The parameters of the potential are taken from ref. 14 for Cu and in ref. 15 for the other metals and are given in Table 2 . This potential is known to generally underestimate the surface energies and surface relaxations 10, 11 . However, its simple form allows one to perform calculations over very large unit cells, which are up to now not possible by direct ab-initio methods. Moreover, our aim is not to give the exact description of vicinal surfaces of all fcc transition metals, but to determine how one can correlate the step relaxations and interactions with the main features of the interatomic potential. We will see that even the very simple form of the RGL potential gives rise to a variety of behavior for the different metals studied.
Calculations are done on slabs containing two free surfaces corresponding to xy planes.
Steps are oriented along y and periodic boundary conditions are applied in the x and y directions. In the z direction normal to the surface, the thickness of the slab is proportional to the interstep distance, in order to obtain negligible displacements at the center of the sample.
In the x direction, the sample contains one or two terraces. In the z direction, taking for example (001) vicinals, the sample size goes from 10 (001) planes for (115) surfaces to 160 (001) planes for (1 1 79) surfaces.
The time step of the simulation is 10 -14 s for Pt and Au and 5.10 -15 s for Ni and Cu. We have checked that these time steps give the required accuracy for the calculations. The number of time steps that are necessary for obtaining such good precision is proportional to the thickness of the sample. Thus, the duration of the simulations rapidly increases with the interstep distance.
III. Atomic relaxations
A. Results
The atomic relaxations are obtained by comparison with the crystallographic positions. In figure 2 we show the atomic displacements along x and z for Pt(1 1 79), as a function of the distance to the step. A mean relaxation of the terrace atoms, which corresponds to the relaxation of surface atoms for a nominal surface, is particularly visible in the z direction. corresponding to the atomic relaxations on a nominal surface. Thus, the specific contribution of the steps to the relaxations can be represented independently of the mean terrace relaxation.
Step u r is presented in figure 3 for different vicinal surfaces with 10 atomic rows per terrace.
As can be seen, the most relaxed atoms are located near the steps. For most cases, the step edge and corner atoms are the most relaxed atoms, with relaxations in the opposite direction.
This can be seen for example on Cu(1 1 19) or Pt(554) vicinals. However, for some cases, other atoms near the step display also a significant relaxation. This is especially the case for (111)B vicinals. For Cu(554), these two atoms relax in the same direction whereas atom N°9 relaxes symmetrically. Nearly the same behavior can be observed for Ni(554). Thus, for these vicinals, regarding the atomic relaxations, the step is more likely a (110) microfacet for Cu and Ni but a ( 1 11 ) microfacet for Au and Pt.
For all cases, atomic relaxations propagate deeply into the bulk. A general feature that we always observe is the presence of vertices in the relaxation field, which are located below the middle of the terraces. They are particularly visible for Ni(554). As a consequence, deeply in the crystal, the relaxations along x are inverted relatively to their direction near the surface.
In general, relaxations are smaller for Ni vicinals, except on (111)B vicinals, and higher for Pt and Au vicinals which display very similar relaxation fields.
B. Dipolar model
In the original description of Marchenko and Parshin (MP) 8 , the elastic displacements far from an isolated step on the surface of an isotropic medium are the same as those due to a line of elastic force dipoles on a flat surface. In the case of a Cu(1 1 19) surface, the elastic displacements due to the steps have been shown to be the same as the elastic response of lines of dipoles on the surface 14 . There, the elastic response ) ( Dip p u r r to a dipole p r was calculated by QMD, with additional elastic forces on the atoms on which the dipole applies, a priori the step edge and corner atoms. In comparison with linear elasticity, atomistic calculations with our SMA potential have the advantage to take directly into account the local atomic structure, the real geometry of the surface and the variation of the elastic constants near the surface. On the other hand, the elastic forces need to apply on the atoms, thus the elastic dipole is necessarily an extended dipole, with a lever arm given by the positions of the step edge and step corner atoms. The elastic response ) ( Dip p u r r is obtained by subtracting to the calculated displacements the initial value of the relaxations, u r . Note that, on contrary to MP model, the lever arm of the dipole is not in the surface plane, thus, the dipole is buried with one point of application of the force under the surface.
For practically all cases, the atomic displacements
Step u r are very well reproduced by the elastic response ) ( Dip p u r r to a buried dipole located on the step edge and corner atoms. In our procedure, we obtain the value of p r by a least-square fit procedure concerning all atoms except the atoms where the elastic forces are applied. The dipole can be split into two components: a "stretch" component which has no moment s p -we note it as positive when it corresponds to a contraction of the distance between step edge and corner atoms -and a torque component T p , which has no dilatation -we note it as positive when it as the same orientation as n i r r ∧ where n r is the normal to the surface and i r is a vector of the surface plane, perpendicular to the steps and oriented along the descending steps (see figure 4 ).
In figure The values of the dipoles that allow such best fits are given in Ni (11 11 10), the fit is excellent for all atoms.
IV. Energies
A. Calculations
The energies are obtained by taking the asymptotic limit of the system energy after relaxation. The surface energy γ is obtained by comparison with a system without free surfaces. The step energy β is derived from the surface energy through
where h is the step height in the direction perpendicular to the nominal surface. As steps are not isolated, β varies with the interstep distance. We note ) ( as few µeV. It may seem paradoxical to calculate this energy with such a precision, since the value of the surface energies are known to be strongly underestimate. However, we are only interested in the accurate description of the elastic interactions and their relation to the features of the steps. We believe, the elastic interactions are described well by the chosen interatomic potentials, which were fitted to the elastic constants of the material. β . First order component, i.e. inversely proportional to the interstep distance where always found negligible, on contrary to some assertions found in the literature. 16 The values obtained for the surface and step energies and for the step interactions are given in table 4. The calculations show that the step energy varies considerably from one metal to another and from one orientation to another. The highest differences between the metals are observed on (111) vicinal surfaces, whereas the lowest differences are seen on (110) vicinal surfaces. Small values of the step energy are obtained when the surface energy of the step microfacet is significantly smaller than the surface energy of the nominal surface corresponding to the terrace orientation. This is the case for Au and Pt(110) vicinals for which the step energy is negative, the surfaces are thus unstable. It is worth noting that during the simulation, the surface does not reconstruct since the reconstruction process is thermally activated. Experimentally, one observes a (2x1) surface reconstruction of missing row nature for these surfaces. This reconstruction has also been shown to be energetically favored when calculating the system energy with a SMA potential 17 .
A good estimate of the step energies can be simply derived by considering that the step is a microfacet whose energy is given by the surface energy of the corresponding nominal surface. This is equivalent to simple models of the step energy based on the coordination of the atoms near the step. 18 One thus obtains, after subtracting the adequate contribution of the terraces:
• for (001) 19 .
The step interaction energies also depend on the geometry of the surface and of the metal studied. They are always repulsive ( 0 > A ) . The comparison with the elastic displacements shows that high step interaction energies correspond to high elastic displacements.
Concerning the variations with the metal studied, the higher A coefficients are obtained for 
V. Comparison with linear elasticity
In section 3, we have compared the atomic relaxations due to steps on a vicinal surface to the elastic displacements due to lines of elastic dipoles, both computed by atomistic calculations. This approach was fruitfull in most cases, but is limited for two main reasons:
-first, it does not allow to test various force distributions since, in the atomistic calculations, forces need to apply on atoms;
-second, it does not allow to easily derive the step interaction energy.
On the contrary, linear elasticity theory allows to calculate the displacement due to complex force distributions and to extract interaction energies. It has been shown that the elastic displacements created by topological defects could always be described, in the frame of linear elasticity, by an adequate distribution of forces near the defect, provided that the atoms for which the displacement is studied are far enough from the defect 20 .
Landau and Lifshitz have calculated the elastic response to a point force at the surface of a semi-infinite medium 21 . In the case of a periodic distribution of forces, analytical calculations taking into account the crystalline anisotropy can be performed. For particular distributions, the harmonic resummation can even be achieved. It is for example the case of lines of forces with a lorentzian broadening.
A. Displacements
For all surfaces studied by atomistic calculations, we have compared the atomic displacements calculated with the analytical results of the linear elasticity theory. For this purpose, we have tried to optimize the force distribution near the surface in order to reproduce as correctly as possible the atomic displacements. We have tested two different distributions.
Note that for mechanical equilibrium, they all need to be dipolar. For practical reasons of resummation, they are all periodic distributions of lines of point forces, with a lorentzian broadening along the y direction, of width c a . The different distributions tested are:
-a distribution of "geometric" buried dipoles. Each step is modeled by an extended dipole consisting of two lines of opposite forces. The first line is at the step edge, and the second line at the step corner.
-a distribution of point dipoles buried below the surface. The orientation of the lever arm of the dipoles, their depth and their position along y with respect to the steps are free parameters.
The details of the anisotropic linear elasticity (ALE) calculations are given in ref. 22 
"geometric buried dipole" distribution
In that case, there are three free parameters: the value of the force applied, its orientation and the cut-off length of the broadening c a . The fitting procedure is a least-square fit taking into account all atoms except step edge and step corner atoms. We have observed that the elastic response calculated in that way could be quite different from the elastic response given by atomistic calculations. Generally, the agreement is worse. For some cases, i.e. Ni(111) and In all cases, the value of the torque component of the elastic dipole found by ALE is higher than the value found by atomistic calculations. The differences observed are probably due to the modification of the elastic constants near the surface and near the step. The low coordination of step edge atoms gives rise to a lowering of the Young modulus in comparison with bulk atoms. The value of the forces that have to be applied on these atoms in order to obtain the wanted relaxations are thus lower if this modification of the elastic constant is taken into account (i.e. in the atomistic calculations) than if it is not the case (i.e. for ALE calculations). The differences could also be due to second order corrections to the linear elasticity theory.
When the terrace length varies, the value of the elastic dipoles giving the best fit also varies. This variation for Cu and Pt(111)A vicinals in given in figure 7 . In most of the cases, the stretch component varies whereas the torque component remains constant. This is due to the fact that the elastic displacements due to stretch dipoles are lower than those due to torque dipoles of same value. The observed variation is thus mainly to be related to the uncertainty on the value of p S .
One of the assets of ALE calculations is to give directly the values of the step interactions.
The basis of the energy calculation is that we first determine a force distribution that allows to correctly describe the displacement field. Thus, it is fundamental to well reproduce the atomic relaxations. In order to go further, we have thus tested another force distribution, presenting more adjustable parameters.
"Point dipole" distribution buried under the surface
This force distribution derives from the MP Model, but with four differences: the lorentzian broadening already discussed, the orientation of the lever arm, not necessarily parallel to the surface, the fact that the dipoles are buried under the surface and the crystalline anisotropy of the material. The point dipole is the limit of a buried dipole with a vanishing distance between the points of application of the forces. But, on contrary to the previous paragraph, the lever arm orientation and the position of the lines of dipoles are free parameters.
When trying to adjust the SMA relaxations with ALE calculations using dipolar distributions, one observes that far from the defect, the elastic displacements can be adjusted by several combinations of parameters (position, lever arm orientation, cut-off length and force value). In figure 8 is displayed the variation of the 2 χ for the fit of the atomic relaxations on Cu, Ni, Pt and Au (15, 15, 16) surfaces as function of Ω , the lever arm orientation of the elastic dipoles. For each Ω value, the free parameters are the force value and orientation, the position of the dipole lines and the cut-of length. As can be seen, a good fit is possible for different Ω values. In figure 8 , one also observes that there exist some directions for which it is impossible to obtain a correct adjustment. For Ni (15 15 16) , the forbidden direction is close to the step microfacet direction. This explains why it was not possible to obtain a good fit using the "geometric" buried dipole model. An example of fit by the two models is given in figure 9 for a Cu(1 1 79) surface. Whereas the fit is not perfect with the "geometrical buried dipole" model, the fit is excellent with the point dipole model. It is not surprising since the number of free parameters is higher (6 instead of 3) .
The values of the dipoles that allow the best fit with the atomic relaxations are given in 
B. Interaction energy
In the case of a dipolar force distribution, it is possible to calculate analytically the elastic interaction energy from the dipole value 22 . The elastic energy per dipole line takes the form:
where the first term is the elastic energy of an isolated line and the second term, the interaction energy between lines. Contrary to SMA calculations, it is not possible to discuss the first term which is associated with the energy of an isolated step. It has no physical meaning. First, it cannot be equal to the step energy since it does not account for the local cost of the coordination reduction of atoms near the steps. Second, it corresponds to the result of the calculation of the elastic energy in a domain where linear elasticity does not apply. For example, when the distance between the points of application of the forces get close to zero, 0 β becomes infinite; the crystal present a singularity at the dipole position.
The coefficients A are given in table 7 for the "geometric buried dipole" and "buried point dipole" distributions that allow the best fits with SMA calculations. Since elastic energy directly derives from the atomic deformations, two force distributions that give the same deformations far from their application points also give similar values for the elastic interaction energy. In the case where the fit is not correct for the atomic relaxations, for example for Ni (16 16 15) when using the "geometrical buried dipole" model, the values found for the two distributions are very different.
The comparison between the coefficients found by ALE for large interstep distances and by SMA from Eq. (6) is given in figure 10 . We have not given the values obtained by ALE in the case of the buried dipole model when the fit was poor (for three cases). A good agreement is found on the whole range of values. The standard deviation between the values found by ALE and SMA is of the order of 28% when considering "geometrical buried dipoles" in the elasticity calculations, and 18% when considering "buried point dipoles". This is not surprising since the fits of the relaxations are better when using buried point dipoles. In that case, depending on the surface studied, the values obtained by ALE are either higher or lower than the values obtained by SMA. The most important differences are observed for Ni(61 61 1) for which ALE calculations with buried point dipoles indicate a value 40% higher than QMD calculations, and for Cu(15 15 16) for which the same ALE calculations indicate a value 70% lower than SMA calculations.
C. Discussion
Our comparisons show that the calculation of the displacements due to a dipolar force distribution in the framework of the linear elasticity allows to reproduce correctly the relaxations found by SMA. The force distribution that allows a good fit far from the step is not unique. Good fits are obtained for different dipole orientations, but two distributions that give a good agreement for the relaxations also give similar values for the step interaction energy.
Small differences are observed between the values of the step interaction energy found by ALE and by SMA. It is difficult to explain their origin. A first explanation could be due to the variation of the elastic self-energy of the step which is function of the step orientation: when the surface orientation is rotated, the directions of the lever arm of the elastic dipole and the direction of the elastic forces also rotate. Such effect would lead to a first order correction to the step elastic energy 0 β with the miscut, and thus to an additional d / 1 coefficient in Eqs. 6 and 7. We have already mentioned that it is not possible to obtain this coefficient by ALE since we cannot calculate a real value of the elastic self-energy of a step. Moreover, our SMA results show that such a coefficient is always negligible and cannot explain the differences observed. These differences could be due to the variation of elastic constants near the surface and also to the non-linearity of the elastic deformations close to the step. This would affect the step elastic interactions. However, there is no obvious relation between the differences observed and these parameters. Thus, the differences observed are probably due to the uncertainties on the values of A determined by SMA using Eq. (6) and by ALE.
The comparison between the different surfaces of the different transition metals studied shows that the step interactions are related to the surface stress. The step interaction energy is mainly given by the value of the torque component of the dipoles, T p , which is roughly given by the product of the surface stress by the step height. As shown by Olivier et al. 17 , the variations of surface stress, from one surface to another, are highly related to the attractive interaction between atoms through the d-band electrons. Due to the lower coordination at the surface, the number of electrons in the d-band is lowered, the electronic repulsion is lowered and the binding is stronger. In the RGL model, the range of the attractive interactions is given by the q parameter. With the chosen parameterization for the potential, q is higher for Au and Pt than for Cu and Ni for which q is very small. The first neighbors have thus a higher contribution in the case of Au and Pt, than in the case Cu and Ni.
The influence of the geometry of the surface on the interactions can also be discussed.
The differences between the metals are higher on (111) surfaces than on (110) surfaces. On 
Conclusion
The comparison between SMA and ALE shows that, in a first order approximation, a step on a vicinal surface is equivalent to a line of force dipoles on a flat surface. The force distribution that allows to reproduce the atomic relaxations far from the step is not unique.
Buried point dipoles with lever arm oblique to the surface plane give a very good agreement.
Using this simple force distribution, it is possible to fit the atomic relaxations and to obtain, with a good precision, the elastic step interaction energy. The knowledge of the atomic relaxations is thus sufficient for determining precisely the elastic interaction energy. This is not trivial since the interaction energy is only a second order correction to the total elastic energy, whose main contribution is the step self-energy. This demonstrates that it is possible to extract correct values for the step interactions from the measurements by grazing incidence
x-ray diffraction of the atomic relaxations on vicinal surfaces 10, 11 .
Step microfacet (111)
Surface orientation (1,1,2n+1) (n-1,n-1,n+1) (n+1,n+1,n-1) (2n+1,2n+1,1)
Number of atoms per terrace n+1 n n+1 n+1
Step height Table 2 . Parameters of the RGL potential described in Eqs. 1-3 for the different metals studied. 
